Higgs Boson - Lecture 2

Higgs Decay and Production

R. Cahn

Ecole de GIF 2001
Le Higgs: La Chasse Continue!

LAPP, September 10-14, 2001
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Higgs Decays

e Partial widths dictated by Lagrangian
e Observability important, not just branching ratio
e Even one-loop decays important

e General rule: Higgs prefer heft

— Typeset by Foil TEX — R. Cahn — Sept. 10-11, 2001 2-1



H—-WW,ZZ

Z
H—= H—=
From (D,¢)T(D*®) z
! g—2W+W_“(v+p)2+8 pO*p + g Z,Z"(v + p)?
212 H H 4 cos? Oy "

H — WTW = has the matrix element

—IM =i(g*v/2)e et = igmwet et
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Polarization sum:

+ 4yt — gy —V
2 2 2 PPy , D Fp
‘M| = g My (g/u/ - 722 g —

W myy
_ o (1 LG 12—%>
= 2 2 4
dmy;, miy M
Partial width:
1 o G 3 4 2 2 4
81 M 8mv/2 My my 3
G o3 A2 2 4
NH—2zz) = 204,12z (1 42 4 12m—42)
1672 My miy M
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H—->WW* ZZ"

Below W W threshold Higgs can still go to W*W™*, Z*Z*

o (;F”?H”néliz 7n%

where

3(1 —8u+20u?) _,(3u-1
F(u) = — cos ( WETE )
47 13 1>

—(1—11,)<(7u—7+a

3
—5(1 — 6u + 4u?) Inx

OK if not too close to threshold
OK if not too far from threshold
Similar for H — WW*
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Higgs decays to fermion pairs

?
i
f

The coupling of the Higgs boson to fermion antifermion pairs is

g
YLHTf
while
my = _ 9y 295w
V2 V29
so the coupling is equivalently
— o LRI

So
—iM = —ig—Lu(p')v(p)

w
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The square, summed over final state spins is

g2m2

IM|P = 3, Tr (' +mp) (P —my)

g mf / g mf
= 4(p -p—m
im2, (0'-p—mp) =; om2,

(mH 4mf)

G m2mH 4m 3/2
[(H — ff)= £ (——2f> Cy

\/_ 47 mH
where the color factor C¢ is 1 for leptons and 3 for quarks.

— myg 4m? 3/2
T(H —b5) = 4.0 MeV ( ) (1 - —b>

100 GeV m4

My 4m? 3/2
T(H — tf) = 24GV( ) - 2
(H = #) “Y \400 Gev ( m%,)
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One loop: H — gg,vy
Y Y
%4
Y Y

No direct coupling H — ~~. Proper form is
L ©8 J81I5T 0, IO
Dimension 5 [H oc m, F' o< m?]

Not in Lagrangian, must be finite
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Structure of the amplitude
M — A(elﬂkly — €1yk‘1u)(62'uk2y — 62]/]62'“)

Do polarization sum

M — —2Agl : ggkl . ]{32
D IMPP = 2APmy

pol

Divide by two for identical particles
_ 1 2,3
W and fermion loops both written in terms of complex function

1 1— _
I(z) = 3fo dy fo ydtll—yiy/i
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Note I(z) — 1 as z — ¢

I(z) = 322+ (1—-42)f(2)]
2
fl(z) = 2z (sinA%) , z>1/4
— -2z (— cosh™* 2\1/2 + Z;) ;2 <1/4
W loop with \ = m3,,/m%,
e 2(22A—1)I(A\)+10A—1
Aw = 16732mW { : )4>E—>1 }
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The contribution from each fermion loop is

2
AF - 31677 mWQfoI(m%J:I)
() s is the charge of fermion f;
('t one for charged leptons and 3 for quarks.

Full result

a’Gpm7 “
T(H —vy) = o |“T" - 3ZfQ?”Cf](—%I)

where

wrtr  ARA=1)T(A)4+20A—2
= 40—1

In the limit of my << my,, “7" — 7.
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H — gg

SO

I'(H — gg)

DY
e — g Tr—"—
2 2
1 1 1
et — (5935”)( 9:0") = 29,

0Grmiy s~ p (1) |
36m3v2  “— \my

2
7 keV (%)2 (100 GeV) ’ZI (Z%)

Enhanced by QCD radiative corrections
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IIII|IIII|IIII|IIII)‘

= 1 Higgs Width and Branching
U 10~ .
E | Ratios
g -2 ,
. R A e WW and ZZ dominate
5 o0 e e above threshold
10— EL—Z _
o WIW* dominates above
E to~t 135 GeV
g 1072
g e BR(7vy) O(107°) below
§ 17 W threshold

10—4 iIII|IIII|IIlll;]‘l‘l.lllll
100 120 140 160 180 200

My (GeV)
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Higgs Boson Production

Resonant Production at Lepton Colliders

Resonant production ab — R - Breit-Wigner formula:

B B
. (28, +1)(28, + 1) k2 (E — M)2 +12/4 R(R — ab)

(QSCL + 1)(2Sb -+ 1) k2 (S — m2)2 + mQFQ R(R a )

k i1s the incident c.m. momentum.

[(H —ete”) =1.7x 1071 (ol ) GeV

The peak the cross section is
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1 1M
olete” — H) = 831b ( 00 GeV) X eV

mg FH

Try muons instead:

o(putpu~ — Higgs) = 360 pb ((mgiev)) (1 MeV)

'y

Doable, but late..
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Associated Production of H with Z in ete™

17

et

A

The LEP-II search focused on ete™ — ZH

olete” — ZH) =

(Breit-Wigner formula)

316w  sI'?

[(Z* — ete )[(Z* — ZH)

4 s (s—m%

127

[(Z* — ete )T(Z* — ZH)

)2

I

I

(

_ 2
S mx

)2
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Lz — 7
f.q

Z>I<’ p*~<
fp

M(Z* —eTe”) = eur*(gv + gays)v

1
M2, = 5[—9@ (Tr pyv*(gv + gays)dv" (gv + ga7ys))
1
= —3Tr py*d(gy + 94)
8 2 2
= gp'Q(gv + g2)
4m*2
= 32 (9v + 92)
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Note that we dropped the second part of the polarization sum

. _ 2
Zpol Cu€y = _(g,uv o kMkV/M )
because massless fermions give conserved V' and A currents

Use magic formula for the neutral current

1 :
(T3 — @ sin® Oy) — COSQQW (T3’7M§(1 — 5) — Qy,, sin” Oyy)

CosS 9W
so that
(s — Qsin® ) T
= — () sin = — =
gv COSQW 9 3L W gA cos Oy 2 3L
Treating the final fermions as massless
PZ—ff) = %P2 1 o7, — 4Qsin®6w)? + 4T

48 sin® Oy cos? Oy
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Z*— /L H

Lagrangian contains
g*vHZ,Z"  gmyHZ,Z"

4cos? Oy,  2cosOyy
giving a vertex factor
-gMm 7 guv
cos Oy
1/ gm ’
M 2 _ Z 5 * m*2 uv
MEse = 5 (252 (g it/ m™) (s
2
_ 1 gmz [pgm—{—3]
3 \ cos Oy m2
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The partial width then for 7 — ZH s

1 gmz ’ p2 Pem
I'NZ*— ZH) = <
(Z" = ) 247 (COS 9W> [mQ i 3]m*2
APem 2 m
6 sin“ Oy cos? Oy | m

Combining the partial widths to find o(ete™ — ZH):

120 am>z. 1 .
(s —m%)? 482 sin® Oy cos? Oy (2752 — 4Qsin® w)* + 475
Z
APem 2 m2
.o P [pcn; +3 2]
6 sin” Oy cos? Oy, | m* m*
7-‘-(){2 2 - S . 2 m2
B it 4 p_ \2[2[(1 — 4sin® 0w )® + 1][4pcm + 12—]
192 sin” Oy cos? Oy (s — m7) S S
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A la recherche du temps perdu...

08 T T T T T T T T T T T T | T T T T
I ee —> HZ ]
0.6 — —
- my=90 GeV T
VS i )
o) - /’,___————__:
Q. 04— ~ = —]
% — - ]
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- / -
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/ >
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i / g i
i | ; i
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WW and ZZ fusion in eTe™

e, i U, Dh
W= B o
H d1 = P1 p/1
2 — P2 — Po
W
e_’ D1 vV, P2

Analogous to two-photon process; ete™ — eTe™ X
Two-photon has transverse photons

W W dominated by longitudinal bosons
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Calculation of e e — Huv

. . @'H/“ll—u Z‘E’Vll—u
—iM = (zng)gW\/% (m)v(q%gim%v;)) (p1)\/% (pQM(qSQEmg;)) (p2)

2 6.2 11T [B1v"B17"3(1—5)] Tr B9y B2r"3(1—75)]
M= g miv i m )2 (-2

Trace stuff

16p]-p5 p1-p2
M 2 _ 6m2 11 1°Po
MI™ = g miy sz 2 @-m7, 2

write the four-momenta explicitly,

ple(]-vOaO)l)v p2:E<170707_1)

v = (VATB? + P, 00,0 B); = (y/33E7 + Ay, o, —22)
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we find

2 / pil 2 / pig
¢ = —2p1-p = T @ = —2p2-py = —
219’1 ‘p,z — T1T2S; 2p1-p2 = S

four-momentum of the Higgs boson, £ = ¢1 + ¢

2
mh = k@) = (28— \[RE 4, [ R,
—(z1E — 952E)2 — (P11 +ﬁ¢2)2

2 2
4E2(1 —z1)(1 — 22) — (2 — 21 — 22) <p;1 T P;z) — (P11 +Zﬁ2)2
1 2

Q

Do the phase space calculation explicitly, noting that the flux factor, is
just s/2:
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(2m)* &'py  dpy &k
25 (2m)32p) (2m)32p, (27)32E

825131582

4

do =

x 64 (py + phy +k — p1 — p2)

g°miy
(a7 —miy)?(3 — miy)?

X

We get rid of the Higgs momentum in the usual way by writing

&k d*k 2 2
(2m)32Ey (2@35('1C — mH)

and then integrating d*k

dO’ g m{%{/ d3 dSPQS r1x9 5((@1‘“]2)2_"”%[)

(27)°2s (2p1 2p, 4 pil ) 2 p?LQ ] 2
1 Tw | | Es T
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Assume p | doesn't influence phase space too much

3 2 2
dxidxod
ir (ts) sy Ml (o(1 ) (1) — M)

Now integrate to find total cross section

do — f dr1dzo0(s(1 — 21)(1 — z5) — M?
R e sy gdandad(s(1 — 1) (1~ ) = M)

( )3 s /1 Al a (1 my )
o = -
sin? Oy %V 0 s(1—x) s(1 —x)
’ S m?
= oy () (0% )ln—f?( ")
16mW sin? Oy My S
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Features of 1/ Fusion

e Particle with mass mygy is
being produced, but cross
section not suppressed by a
factor 1/m3%;.

e | he Cross section IS
“anomalously large.”

Approx/Exact

e Recoil quarks have p; ~
O(mw): use for tagging

e Approximation overestimates
Cross section
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Higgs Production at Hadron Colliders

Hadron beam is really a beam of quarks, anitquarks, and gluons

Cross sections obtained by convoluting with parton distributions
do = fdazldngl(xl)fg(ajg)d&

For resonance production

A .
& (2S5, +1)(25p + 1) k2 (B — M)? +12/4 R(R — ab)
A2 ) ,
— (2J—|— 1)—F(R — ab)(S(S —m )
m

Note: always two polarizations for quarks, gluons

o= (2J7;3?34W2F(R — ab)T4E [T = m?/s]
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Higgs Production at Hadron Colliders

Dominant cross section is from gluon fusion
9 9 H g H
g q q g g
Lowest order gg — H, qg — qH, and gg — Hg
9 g g
9 g 9

Some virtual radiative corrections to gg — H.
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Gluon Fusion

2 A
0= (5 5 2) m=T(H — gg)d(5 —m3)

e Factors of 8: “average over initial, sum over final”
e Factor of 2: “divide by 2 for identical particles in final state”

e Now approximate: ¢ contribution only, m; >> my (actually ok)

2
_ Qg dL
S 5767rv27— dT
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Radiative corrections

e Contributions from g9 — Hq, qq — Hg small

e Combine gg — H, g9 — H g with evolution of structure functions

e Partition bremsstrahlung: large p, into scattering, small p; into
beam evolution

e Combination ultimately independent of renormalization scale
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Simple treatment of radiative corrections

Include only . Take m; — o0

2 m2
5(99 — hX) = graz {01 = 2) + =) |h(2) + =) log (74 ||
where z = m?%,/5 and

h(z) =6(1 — 2) (m* + 5) + messy stuff  h(z) = other messy stuff

Introduce K factor : K = Zpp—HX)
o(pp—H)

K between two and three at LHC - arises largely from a rescaling

s 11
Kresca,ling = 1+ = (M) <7T2 + ?)
i

= 14+4.89as(p)
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W and Z content of fermions

Think of W's as partons in fermion

1 ( o SSmQ dy1dy2d*p 1 1d°p 1o
1672 \ sin® Oy L 2 [ p? ’
() (78
A2

= —1I'(R — ab) fo(y1) fo(y2)

m

y is fraction of fermion’'s momentum given to W

3 2 3 3
Grm m Ao m
I‘ H s M/ M? o't g H __ H
Use ( L L) V2 8w 8m2W 87 8 sin? 9Wm2W s

to find the distribution of the IV partons inside the electron:

2
g% dy d°p |

3 D) 2 > =2 2(1 — y)_
1672 y [TrLVV—I—pL/(l—y)]2 167 Y
Use this to study WW, W Z, etc. scattering
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WW Scattering

If Higgs turns out to be very massive, A is large
This means strong interactions between longitudinal W's Zs
Equivalence Theorem: replace longitudinal W, Z with scalars
L= (Do) (D') — 12¢Te — N(¢T9)?
where
¢1p = 5(61 + 03 + ¢3 + 67)

Then if ;12 < 0, some expectation value is non-zero. We write

g3 = o=(¢3)+H=(0)+H
vt o= P/

Rewrite the Lagrangian
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1 1
L = S0, + 50, HO"H + p?H?
2

P (H? 4 7?) - MNH? + 72)?

()
1 1
= SOuROMF + S0, HO"H —mi H?
2 2
~SLH(H? 4 7%) - B (H + %)’

|dentify

2 =2wtw™ + 22
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Example of Equivalence Thm: H — WW

2

; _ _smpg
—aM = i5d - 2

Q

Agrees with our result for my — oo
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w'w —w'w
w- w- w w
Z
w+ w+ w+ w+
im>2 2%im2
—iM =0 —iM=——H.4.2.2=_—h
w w w w
\/
H P
w+ w+ w+ w+
2\ 2 2\ %
—iM:(—”;ff> L .22 —iM = —”;)H> L .22
s—mH t—mH
For the sum, we find
. ’Lm%[ m%[ m%{ ~ U
— M = — 5 2 + > 1 2 ~2 o
v s—my t—mH ()
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w'w — zZz
w 7% w h
%74
wT < ot %
im2 m
_ZM:_SUIQJ'4'2:_U21{ —itM =0
w z
H
w—l- Y/
zm%l 2 zmjrl{
H
Summing these we find
.2 2 .2
. L ZmH mH L 'LmH S ~ 'I:S
M= (L T ) = T
H H
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LZ —7 2R

% % % %
\/
ot H
/\
% % % %
2 2
—iM = —L (—Z’f) 22 —iM = — (—T;’“f) 22
S—mH —m
% %
% %
M = LA - im
! o u—m%{ ez . . —tM = — 8v2 4!

Here the sum is , ;
—i/\/l:—T;Lf( L4 L —I——') —BZmH—
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s-wave amplitudes

Born amplitudes have s-wave and p-wave

+,0— + _
MwTw™ - wTw™) = 3
MwTwt — wtw™) = %
v
N B s
MwTw™ — zz) = —3
M(zz —2z) = 0

since t = —s(1 —cosf)/2;u = —s(1 + cosh)/2
with

A: 12kM

16T +/s M

- 167
the s-wave amplitudes are
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where sq = 16mv°=(1.7 TeV)?

—5s/$0
—5/5s0

s/so
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s-wave Unitarity

Normally
SA = |A|% I(1/A) = —1

so that

A=e"sind
For identical boson scattering

SA= A% S(1/(A/2) = -1

so instead

A = 2esin §
In the ordinary case make a Born amplitude unitary by K matrix

(1/a) = (1/aBorn) — i

Adapt here, including isospin.
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